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The coevolutionary interaction between cuckoos and their hosts has been studied for a long time, but to date some
puzzles still remain unsolved. Whether cuckoos parasitize their hosts by laying eggs randomly or matching the egg
morphs of their hosts is one of the mysteries of the cuckoo problem. Scientists tend to believe that cuckoos lay eggs
matching the appearance of host eggs due to selection caused by the ability of the hosts to recognize their own eggs.
In this paper, we first review previous empirical studies to test this mystery and found no studies have provided direct
evidence of cuckoos choosing to parasitize host nests where egg color and pattern match. We then present examples
of unmatched cuckoo eggs in host nests and key life history traits of cuckoos, e.g. secretive behavior and rapid
egg-laying and link them to cuckoo egg laying behavior. Finally we develop a conceptual model to demonstrate
the egg laying behaviour of cuckoos and propose an empirical test that can provide direct evidence of the egg-laying
properties of female cuckoos. We speculate that the degree of egg matching between cuckoo eggs and those of the
host as detected by humans is caused by the ability of the hosts to recognize their own eggs, rather than the
selection of matching host eggs by cuckoos. The case of Common Cuckoos (Cuculus canorus) and their parrotbill
hosts (Paradoxornis alphonsianus), where it has been shown that both have evolved polymorphic eggs (mainly blue
and white), was used to develop a conceptual model to demonstrate why cuckoos should utilize parrotbill hosts by
laying eggs randomly rather than laying eggs matching the appearance of host eggs.
In conclusion, we found no evidence for the hypothesis that cuckoos lay eggs based on own egg color matching that
of the parrotbill-cuckoo system. We argue theoretically that laying eggs matching those of the hosts in this system
violates a key trait of the life history of cuckoos and therefore should be maladaptive.
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The well-known arms race Between parasitic cuckoos
and their hosts has long been a model system for the
study of coevolution and microevolution (Davies, 2000;
Soler, 2014). Approximately 2300 years ago, Aristotle
(382–322 BC) wrote that “it (i.e., the Common Cuckoo
Cuculus canorus) lays its eggs in the nest of smaller
birds after devouring these birds’s eggs” (Peck 1970).
Many years later, the ‘father of vaccination’, Edward Jenner
(1788), observed the ejection behavior of cuckoo chicks
and published his finding, on the basis of which he came* Correspondence: liangwei@hainnu.edu.cn
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Darwin (1859) proposed the first explanation for how the
parasitic behavior of cuckoos could have evolved by nat-
ural selection. Cuckoos exploit their hosts by transferring
parental care to the host and this parasitism is undoubt-
edly costly for the hosts of the cuckoo (Rothstein and
Robinson 1998; Davies 2000; Soler 2014). Furthermore,
cuckoo parasitism destroys or severely reduces the re-
productive success of its hosts (Davies 2011). This spe-
cial behavior has provoked evolution of anti-parasitic
defences in hosts, mainly involving a specific aggressive
response towards cuckoos, a recognition of cuckoo eggs
or chicks, a counter-adaptation against cuckoo trickery
(e.g., egg mimicry) or fine tuning of parasitic adaptations
(e.g., rapid egg-laying) (Dawkins and Krebs 1979; Davieshis is an Open Access article distributed under the terms of the Creative
ommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
iginal work is properly credited. The Creative Commons Public Domain
g/publicdomain/zero/1.0/) applies to the data made available in this article,
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cuckoos and their hosts has been studied for a long time
and a series of theories and hypotheses have been proposed,
such as evolutionary lag, evolutionary equilibrium, strong
eggshell and rapid laying of eggs by parasites, interaction
between egg mimicry and egg recognition, host imprinting,
host shift and chick recognition (Brooke and Davies
1988; Moksnes et al. 1991; Davies 2000; Røskaft et al.
2002; Langmore et al. 2003; Kilner 2006; Yang et al.
2013a), so far some puzzles have remained unsolved.
For example, the question of whether cuckoos parasitize
their hosts by laying eggs randomly or matching the egg
morphs in host nests is one of the mysteries of the cuckoo
problem (Davies 2000, Antonov et al. 2012).
To date four empirical papers have been published to
test this mystery (Avilés et al. 2006, Cherry et al. 2007,
Antonov et al. 2012, Honza et al. 2014; Table 1), but
only one showed that cuckoos lay eggs randomly in the
nests of their hosts (Antonov et al. 2012). Scientists tend
to believe that cuckoos lay eggs matching the appearance
of host eggs due to selection caused by a high egg rec-
ognition ability of the hosts (Avilés et al. 2006; Cherry et al.
2007; Honza et al. 2014).
Methods
At first, we briefly review previous empirical studies
which have examined this mystery, provide examples of
unmatched cuckoo eggs in host nests and key life history
traits of cuckoos, e.g. their secretive behavior and rapid
egg-laying and link them to cuckoo egg laying behavior.
We then develop a conceptual model to demonstrate why
cuckoos should utilize their hosts by laying eggs randomly
rather than matching the appearance of host eggs. We
opted for coevolution between Common Cuckoos and
their parrotbill hosts (Paradoxornis alphonsianus), both
of which have evolved polymorphic eggs (mainly blue
and white) (Yang et al. 2010, 2013b), as an example for
the model and follow with a discussion of this issue. In
the end, we propose an empirical test that can provide
direct evidence concerning the egg-laying properties of
female cuckoos.Table 1 Summary of previous studies of egg matching by cuc
Former studies Data source Method Main find








Cherry et al. (2007) Field data cuckoos la
matching
Honza et al.(2014) Field data cuckoos la
matching
Antonov et al. (2012) Field data cuckoo laid
randomlyReview
Examples of cuckoo laying of unmatched eggs in host nests
It has been supposed that cuckoo nestlings imprint on
their foster parents and return to parasitize them as adults
(Lack 1968; Davies 2000); however, laying a matching egg
is not necessary. According to previous studies, cuckoos
lay non-mimetic eggs in nests of many regular hosts
(Payne 2005; Lee 2008; Yang et al. 2012a, 2012b; Lowther
2013). For example, Lee (2008) found that the Common
Cuckoo laid 52.6% of unmatched cuckoo eggs in the
nests of the Vinous-throated Parrotbill (Paradoxornis
webbianus) that lays polymorphic eggs. This percentage
is a considerable underestimation because the hosts
rejected 82.6% of poorly-matching eggs and 16.7% of well-
matching eggs (Lee 2008) and hence many unmatched
cuckoo eggs should have been rejected before their de-
tection by observers. Furthermore, cuckoos laid 100%
non-matching eggs in Dunnock (Prunella modularis) nests
(Davies and Brooke 1989). Since cuckoos do not experi-
ence the responses to their eggs by hosts as dunnocks do,
nor recognize unmatched eggs (i.e., accept or reject cuckoo
eggs), they should not lay non-mimetic eggs in dunnock
nests, if cuckoos were to lay eggs based on their own egg
appearance.
Previous studies and their deficiencies
The first tentative study considering cuckoo-host egg
matching was by Avilés et al. (2006), which is a sum-
mary of the temporal changes in the degree of match-
ing between Common Cuckoo and host (Acrocephalus
scirpaceus) eggs, over a period of 24 consecutive years.
They found that ultraviolet-brownness of cuckoo eggs
was similar to that of host eggs at parasitized nests but
differed from that of host eggs at non-parasitized nests
(Avilés et al. 2006). Subsequently, three short-term studies
investigated the degree of cuckoo-host egg matching be-
tween parasitized and non-parasitized nests (Cherry et al.
2007; Antonov et al. 2012; Honza et al. 2014). Cherry et al.
(2007) tested this hypothesis in the Great Reed Warbler
(A. arundinaceus), while Antonov et al. (2012) con-
ducted an experiment with the Mash Warbler (A. palustris).koos and current theories violated by the findings
ings Theories violated by the
findings
Costs for the cuckoos
id
eggs
secretive behavior and rapid
egg-laying of cuckoos; host
imprinting and host selection
by cuckoos
increase the risk of detection
by hosts; loss of time searching







eggs - waste of poor-matching eggs
in nests when hosts are good
rejecters
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sions. A final study by Honza et al. (2014) of great reed
warblers quantified egg color by relying on physiological
modeling of avian color vision. They also assessed cuckoo
egg matching in host clutches that were suitable for para-
sitism in terms of timing but remained non-parasitized
(Honza et al. 2014). However, multi-parasitized nests were
excluded from their study. A total of 19 nests (31%) out of
61 nests were parasitized, while four nests (21%) were
double parasitized and hence not included in the analysis
(Honza et al. 2014).
These empirical studies attempted to assign parasit-
ism status correctly in order to avoid the idea that
cuckoo eggs in some parasitized nests had been rejected
by hosts before their detection. These efforts included
marking host eggs in each nest soon after laying (Cherry
et al. 2007, Honza et al. 2014) or using nests found during
nest building or at early stages of egg laying (Antonov
et al. 2012) (Table 1). All the same, the potential risk
of undetected parasitism and rejection by hosts still
exists, no matter how small. Logically, only real full-
time monitoring can completely exclude this bias. So
far among these previous studies, Honza et al. (2014)
have provided convincing support for solving this prob-
lem. However, they have not analyzed mimicry of egg pat-
tern, which cannot be quantified by spectra. Recently new
pattern quantification techniques from avian vision were
developed (Stoddard and Stevens 2010; Stoddard et al.
2014), which may eliminate this restriction. Furthermore,
since Common Cuckoos remove one host egg before
laying their own egg (Davies 2000), scientists would be
unable to compare the whole clutch of parasitized
nests with that of non-parasitized nests, contributing
further bias to studies. Such effects may be slight in
host species with low intraclutch variation but can be
severe in species with high intraclutch variation. To
eliminate this problem, the spectra of each host egg
should be measured soon after it is laid to avoid omis-
sion of any egg removal by cuckoos. Such frequent
manipulation will exert considerable disturbance on
both hosts and cuckoos, increase the rate of nest de-
sertion of hosts and obstruct cuckoo parasitism, since
cuckoos usually lay eggs during the egg-laying period
of their hosts (Davies 2000). Moreover, such disturb-
ance will also increase or decrease the risk of preda-
tion (Ibáñnz-Álamo et al. 2012). All these potential
risks may together affect the results and cause bias.
Additionally, none of these studies provide direct evi-
dence of cuckoos choosing to parasitize host nests
where egg color and pattern match. The degree of egg
matching between cuckoo eggs and those of a host, as
detected by humans, should be caused by egg recogni-
tion ability of hosts, rather than the selection of matching
host eggs by cuckoos (Table 1).Secretive behavior and rapid egg-laying vs. laying eggs
matching host eggs
In order to deceive their hosts successfully, parasitic
cuckoos have evolved a variety of tricks, selected for
various anti-parasitic defences by hosts (Davies 2011). At
first, female cuckoos should behave secretively to gain ac-
cess to host nests for egg laying to avoid detection by
hosts (Payne 1977). Detection, mobbing or attack by hosts
are costly for cuckoos. Mobbing or attack by hosts may
cause failure of egg-laying, injury and even have lethal
consequence for adult cuckoos (Liversidge 1970; Davies
2000, 2011; Røskaft et al. 2002; Krüger 2011). For ex-
ample, the mobbing by the bulbul (Pycnonotus capensis)
makes it difficult for the female Jacobin cuckoo (Clamator
jacobinus) to gain access to the host nest, but also difficult
to monitor host behavior and hence time her laying cor-
rectly. In the end, many cuckoo eggs are laid too late and
fail to hatch (Liversidge 1970; Krüger 2011). Furthermore,
exposure, when laying eggs, also increases the rejection
rate of cuckoo eggs because hosts may enhance their abil-
ity to discriminate against foreign eggs from increased risk
of parasitism (e.g. Brooke et al. 1998; Stokke et al. 2008).
Therefore, female cuckoos have evolved an astonishing
ability of rapid egg-laying, i.e., in 7–158 seconds, a strong
selection (evolutionary?) option as a consequence of nest
defence by hosts (Payne 1977; Davies 2000; Moksnes et al.
2000). Fast egg laying in most obligate interspecific brood
parasites is common and may have evolved to minimize
host detection, which can elicit host defences and lower
the likelihood of successful parasitism (Davies and Brooke
Davies and Brooke 1988; Kattan 1997; Langmore et al.
2003; Mermoz and Reboreda 2003). Hosts can increase
their defences when detecting parasite activity, which should
select for cryptic habits in brood parasites (Moksnes et al.
1991; Bártol et al. 2003; Feeney et al. 2012).
However, when cuckoos search for host nests and lay
eggs matching the appearance of the eggs of their hosts
based on their own egg morphs, this will considerably
increase the risk of detection by hosts because of high
activity during parasitism. For example, a female Common
Cuckoo of the parrotbill-specific gentes that lays blue eggs,
should parasitize blue clutches of hosts. However, she
cannot predict the color of host eggs before the female
parrotbill lays them. Although parasitism generally oc-
curs during the laying period, cuckoos spend most of
their time monitoring the reproductive activity of their
hosts (Davies 2000). Consequently, we can imagine that
the blue-egg cuckoo would have to neglect white clutches
that she has encountered and keep looking for blue
clutches. That allows us to predict the costs for this
phenomenon, for (1): this increases the risk of detection
by hosts, which may cause subsequent attack or promote
egg rejection by hosts (Moksnes et al. 1991; Honza et al.
2002) and (2): it causes loss of time seeking for host nests
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outcome of the second problem for cuckoos is undoubt-
edly costly for cuckoos invest time to search for host nests
and monitor their breeding behavior within a breeding
season (Chance 1940, Davies 2011). If the proportion
of blue and white clutches in parrotbills is 1:1, female
cuckoos face a probability of only 50% of the host egg
color matching that of their own eggs. The real proportion
of blue and white clutches in parrotbills is similar to this
ratio (Yang et al. 2010).
Scientists may argue that laying eggs in a host nest ran-
domly is also costly because of the waste of eggs in nests
with poorly matching eggs. To compare the costs and
benefits, we should consider nest density, habitat distri-
bution of various egg morphs and the ability to recognize
different host species in their habitat. We suggest that sci-
entists should use mathematical modeling to quantify the
costs of both properties and simulate the outcomes. In
addition, egg laying by female cuckoos is so fast (less
than 10 seconds, Davies 2000) that it could also prevent
cuckoos from watching the host eggs carefully to check
for matching status. Furthermore, so far no observation
or video recording has shown that a female cuckoo gives
up laying an egg in host nests when she finds that the host
clutch does not match her egg morph, although some
strange behavior of cuckoos, visiting host nests without
laying eggs, has been recorded (Moksnes et al. 2000,
Honza et al. 2002). Long-time monitoring, secretive ap-
proach and rapid egg laying by cuckoos are proven to
be widespread and undoubted adaptations, selected by
host defences (Rothstein and Robinson 1998; Davies 2000;
Soler 2014). Matched egg laying with respect to egg
phenotype contradicts these adaptations and thus seems
to be maladaptive. One may argue that this inference is
not persuasive. In the following we provide further ar-
guments to show that cuckoo egg laying, based on the
appearance of their own eggs, is maladaptive for host
selection.
Host selection and mis-imprinting
Parasitic cuckoos can lay a variety of egg morphs to utilize
different species of hosts. For example, common cuckoos
in Europe have been divided into at least 16 host-specific
races or gentes based on human visual inspection (Wyllie
1981; Álvarez 1994; Moksnes and Røskaft 1995). The
question of how cuckoos maintain these distinct gentes
and select hosts remains a puzzle (Honza et al. 2001).
Two major hypotheses have been suggested - host im-
printing and habitat imprinting (Lack 1968; Lotem 1993;
Teuschl et al. 1998). The host imprint hypothesis assumes
that a female cuckoo lays the same egg type as her mother
and seeks to parasitize the same host species that raised
her through imprinting on the characteristics of host
parents (Lack 1968, Davies 2000). Therefore, for example,a female cuckoo nestling, raised by parrotbills, should
choose to parasitize parrotbill nests when she starts to breed.
For the habitat imprinting hypothesis, cuckoo nestlings im-
print on the habitats in which they hatched (Moksnes and
Røskaft 1995, Teuschl et al. 1998). Another explanation is a
mixture of these two hypotheses with a sequence of deci-
sions (Teuschl et al. 1998; Davies 2000). Scientists tend to
believe that the most likely is host imprinting as shown for
host choice by parasitic finches (Nicolai 1961; Davies 2000),
although habitat imprinting may serve as a pre-adaptation
for general nest searches by cuckoos (Teuschl et al.
1998, Honza et al. 2002, Vogl et al. 2002).
Natural selection acts on the phenotypes or the ob-
servable characteristics of organisms, which relate to
fitness and vary between individuals within populations
(Darwin 1859). Therefore, variation in egg phenotypes
among individual cuckoos favors those that maximize
fitness by utilizing potential new host species, especially
when common hosts evolve high rates of egg rejection
and cuckoos hence have low reproductive success in
commonly parasitized nests compared to nests of novel
hosts. For example, common cuckoos have been found
to parasitize more than 300 species of hosts, which be-
long to about 46 families of birds (Lowther 2013).
We developed a conceptual and straightforward model
to illustrate the outcome of potential host selection by
cuckoos under two scenarios that reflect random egg
laying or phenotypic matching (Figure 1). In this model
we hypothesize that a female common cuckoo of the
parrotbill gens lays a blue egg (female embryo inside) in
a nest of a potential new, naive and suitable host by chance,
which lays monomorphic white eggs. If accepted, the fe-
male cuckoo egg will hatch, while the host parents will rear
the nestling. When this cuckoo chick successfully fledges,
she returns to the place of hatching or disperses elsewhere,
but chooses to parasitize the new host on which she has
imprinted. If cuckoos lay eggs matching those of the hosts,
based on their own egg appearance and if this behavior
were inherited, this young female cuckoo would lay blue
eggs. Thus we can speculate that the reproductive success
of this young female cuckoo is zero because she can never
find any nest in which the egg color matches her own.
Even if imprinting of egg appearance in cuckoos (i.e.,
knowing their own egg appearance) is acquired through
learning rather than inherited, this female cuckoo can
only succeed in her first trial of laying for learning, but
again fails to find any suitable nest for the rest of her
life. By contrast, if cuckoos utilize hosts by laying eggs
randomly, they will enjoy greater reproductive success
(Figure 2). Therefore, there is a risk of mis-imprinting
when cuckoos lay eggs based on the appearance of their
own eggs. We also consider additional situations in the
model (see Figures 1 and 2 for more details), which are
interpreted below.
Figure 1 A conceptual model of host selection by cuckoos based on the assumption that cuckoos known their own egg appearance
and choose to parasitize hosts by laying eggs matching the appearance of host eggs.
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egg-laying behavior
Our conceptual model is based on the assumptions that
(1): rejectors refer to hosts that reject all non-mimetic
eggs and acceptors that accept them, (2): the new host spe-
cies lays blue eggs, which are similar to the blue cuckoo
eggs, but not particularly matching because it has had no
coevolutionary history with the cuckoo, hence blue egg
rejectors of hosts also reject a proportion of blue cuckoo
eggs and (3): the cuckoo chicks imprint on the host
species, which raise them.
According to Figure 1, female cuckoos have a prob-
abilities of p1 to parasitize hosts of rejectors and and q1
of acceptors, where p1 + q1 = 1. Rejectors then can be di-
vided into hosts laying eggs of different appearance, in-
cluding blue eggs (host A with p2), which are similar to
those of the female cuckoos and other egg morphs (host
B with q2). However, host B rejects all blue eggs and
causes failure of cuckoo parasitism. Host A accepts a pro-
portion (p4) of blue cuckoo eggs, but rejects the others
(q4). Only the accepted blue eggs can be incubated byFigure 2 A conceptual model of host selection by cuckoos based on
eggs randomly in host nests.hosts resulting in the cuckoo chicks fledging and choosing
to parasitize host A again, with the consequence that the
cuckoo chick has a probability of success of q5 and q6 to
coevolve with host A. According to the second as-
sumption, this probability (q5 + q6) depends on the egg-
matching abilities of female cuckoos. In other words, q5
and q6 decreases with the increasing egg-matching ability
of female cuckoos. This is close to zero when cuckoos
have a good ability to match the egg appearance of hosts
during laying. We included two mechanisms of acquisition
of information on the appearance of own eggs in cuckoos
in the model. However, even if the ability of learning egg
appearance in cuckoos is acquired rather than inherited,
female cuckoos can only succeed in their first trials of
laying for learning but fail the second time. Similarly, for
acceptor hosts laying blue eggs, female cuckoos possess a
success rate of q7 and q8, which also decrease with the in-
crease of egg-matching ability by cuckoos. In short, a suc-
cessful probability is the sum of p5 + p6 + p7 + p8, which is
close to zero when cuckoos have a great ability to lay eggs
with a high degree of egg matching. In such a situationthe assumption that cuckoos choose to parasitize hosts by laying
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host species.
By contrast, the results from the model that cuckoos
parasitize new host species by laying eggs randomly are
much simpler (Figure 2). Only if the new hosts were re-
jectors and laid non-blue eggs would this cause failure of
cuckoo parasitism.
Conclusions
We have argued theoretically that laying eggs matching
those of the host, violates the key traits in the life history
of cuckoos and therefore should not evolve by natural
selection.
First, egg matching behavior is against the secretive be-
havior of approaching cuckoos near host nests and wastes
time by long-term monitoring of host behavior on the part
of cuckoos.
Second, if cuckoos chose hosts with eggs similar to those
with their own egg appearance, they would cause extreme
constraints on the flexibility of their offspring to accept
and adapt to a new host by pushing them into an evolu-
tionary dead-end. Therefore, this would entirely cut off the
evolution of exploitation of new hosts. It is likely that the
percentage of egg matching between cuckoo and host eggs,
as detected by humans, should be caused by the ability
of egg recognition on the part of hosts (Davies and
Brooke 1989), rather than the selection of matching host
eggs by cuckoos.
Finally, we suggest an empirical method, referred to as
an “induced parasitism experiment”, that may provide
direct evidence to demonstrate how the cuckoo lays its
eggs. In such an experiment, scientists establish artificial
nests in which eggs of a different appearance are provided
for egg laying by cuckoos. In this scenario, female cuckoos
can readily monitor the focal nests because of the short
distances between nests and lay an egg randomly or match
the egg appearance of the eggs in these nests with that
of their own eggs. If female cuckoos do not match their
eggs with those of their hosts in this scenario of little or
no constraints, there is no reason to believe that female
cuckoos would be able to achieve a greater level of match-
ing under natural conditions when host nests are con-
siderably more difficult to find. This method should be
feasible because Chance (1940) actually carried out a
similar trial_ before, collecting cuckoo eggs.
We conclude by suggesting that cuckoo egg laying by
matching host eggs is maladaptive and should not evolve
from natural selection.
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